Computational simulations are conducted to investigate the fluid dynamics of flapping wings at ultra-low Reynolds numbers for micro-aerial vehicle applications. Rigid solid wing and 'comb'-like of the same planform and the equal thicknesses are considered in the current study. Incompressible flow simulations are carried out to compute flowfield and aerodynamic forces on the wings for two types of wing kinematic motions. A parametric study of geometric and kinematic parameters is also conducted to compare the two wings. The aerodynamic forces for Solid wing and the Comb wing are found to be quite similar at lower Reynolds number however the detailed examination of the forces showed that the force generation mechanisms on the two wings are quite different. Analysis suggests that the Comb wings can provide a significant weight savings with a minimal loss in the aerodynamic performance for ultra-low Reynolds number applications.
NOMENCLATURE A = plan-form area of the wing, m 2 C p_x = non-dimensional pressure force in the x-direction, F p_x /(0.5ρV 2 A) C p_y = non-dimensional pressure force in the y-direction, F p_y /(0.5ρV 2 A) C tot_x = non-dimensional total force in the x-direction, F tot_x /(0.5ρV 2 A) C tot_y = non-dimensional total force in the y-direction, F tot_y /(0.5ρV 2 A) C vis_x = non-dimensional viscous force in the x-direction, F vis_x /(0.5ρV 2 A) C vis_y = non-dimensional viscous force in the y-direction, F vis_y /(0.5ρV 2 A) F p_x = pressure force in the x-direction, N F p_y = pressure force in the y-direction, N F tot_x = total force in the x-direction, N F tot_y = total force in the y-direction, N 
INTRODUCTION
The unmanned aerial systems (UAS) are emerging as a new class of vehicles for several military and civil applications. Increasing flight endurance, payload and range are some of the critical performance attributes for most of such applications. A flapping wing technology is one of the potential platforms for the unmanned aerial systems. Kinematics of the wing is used to generate the forces required for lift, propulsion and control of the vehicle. Mimicking the biological system is commonly used approach to explore and investigate the science to provide underpinning to develop flapping wing systems. At millimeter scales Thrips fly (Order Thysanoptera) are one such biological systems that provide clues into how a flapping wing mechanism is exploited to achieve flight capability. Thrips are tiny, slender insects with fringed wings that fly at a Reynolds number sufficiently low to exploit a wing composed of hairs arranged in a comb-like distribution emanating from a spanwise "spar" rather than a solid membrane. Micro electro-mechanical systems (MEMS) actuated millimeter scale wings were developed and studied by Pulscamp et al. [1] and Rozen et al. [2] . The actuators for the wings were thin film PZT with later designs incorporating two orthogonally oriented actuators which control the wing flap and pitch degrees of freedom. The flapping degree of freedom is designed to operate at the primary system resonant frequency which corresponds to a flapping motion while pitch is controlled quasi-statically. The introduction of comb design facilitates tailoring mechanical system properties independent of the aerodynamic performance of the wing assuming the comb wings demonstrate an aerodynamic response similar to that of the Solid wing. This could facilitate lower operating resonance frequencies or larger wing areas for the same actuator authority and the incorporation of orthogonal wing elastic properties which might, for example, facilitate passive twisting while resisting span-wise bending to eliminate the need for a pitch actuator. Achieving these benefits relies on the functioning of the creeping flow mechanism at chord Reynolds numbers in the tens to low hundreds. In application to millimeter-scaled flapping wings, the performance of comb design is compared relative to the performance of traditional membrane planform designs of Bronson et al. [3] .
Experimental investigations of millimeter-scale wings necessitate geometric scaling from practical standpoint. The millimeter-scale wing is scaled up by a factor of about 100 to generate a wing of reasonable size for oil-tank experiments. However, a uniform scaling results in the thickness of the wing to be too thin to prevent elastic deformations during the kinematic motion. This requires the thickness to be increased by a much larger factor however effects of anisotropic scaling on the measured performance of the wing needs to be understood. A computational study to complement the on-going experimental investigations at the Army Research Laboratory was conducted in [4] . Two different CFD solvers, with different modeling approach for the wing kinematics, were used to model the solid membrane wing and the comb wing. Excellent agreement was observed between the predictions from the two solvers and a reasonable agreement with the experimental measurements and computational predictions of the aerodynamic forces. This paper presents results of the further investigations into the origins of forces for various cases and flowfield information is utilized to explain the observed behavior. The main goal of investigations is to advance understanding of flapping motion at ultra-low Reynolds numbers and exploit the fluid phenomena to enable the development of flapping wing technology for millimeter scale UAS. Figure 1 shows a schematic of two wings considered in the current study: (a) Solid wing and (b) Comb wing with the same plan form and thickness. Both wings are assumed to be rigid. The dimensions of the wings as well as width and length of the slits of the Comb wing are given in Figure 1 . The performance of the wings is examined for two types of motion: a flapping motion of the wing around the axis parallel to the z axis of the inertial coordinate system, and a combination of flapping around the axis parallel to the z axis of the inertial coordinate system and pitching motion around the local x axis of body coordinate system. Sinusoidal variation of angle with time is considered for the flapping and pitching motions of the wings: θ = θ max sin(2πft). θ max of 15 degrees as well as 45 degrees for flapping and 45 degrees for pitching are used in the current study. CFD++ which is a commercial software package is used to conduct the numerical modeling of motion of the wing. This software can be used for steady/unsteady, compressible/incompressible, Euler/Navier-Stokes (NS) and laminar/turbulent flow problems. It is a finite-volume based solver with 2nd order spatial and 2nd order temporal implicit/explicit descretization [5]. An incompressible flow solver algorithm is used in this study. Mineral oil with a density of ρ = 860kg/m3 and a dynamic viscosity of 0.236Pa.s centistokes is considered as the working fluid. The boundary conditions consist of pressure (p = 1.05×10 5 Pa) at the far-field and no-slip on the wing surface. An unstructured mesh (tetrahedral elements) is used to descretize the fluid domain and the entire fluid mesh is moved with the wing. The effects of the wing motion are incorporated into the NS equations through the source terms in the momentum equations. The size of each time-step is 2×10 -3 seconds. Simulations are run on Harold (one of the DoD High Performance Computing (HPC) Facilities) with the following specifications: Intel Xeon quad-core Nehalem with 2.8GHZ core speed, 24Gbytes memory/node shared memory on nodes, and total compute nodes of 1344. The number of compute nodes used for simulations are 16 (128 cores). The CPU time required for marching in time over one cycle of the flapping motion of the Solid wing is 64 hours.
COMPUTATIONAL SETUP

RESULTS AND DISCUSSION
This section consists of three parts. A mesh dependence study of computational results and validation with experimental measurements is presented in the first section. Detailed analysis of the computational results for the flapping motion with the maximum flapping angle of both 15 and 45 degrees at different flow conditions (inviscid and viscous flow) is presented in the second part. The performance of the wings during the combined flapping-pitching motion is discussed at the end. The frequency of the motion is 0.3 Hz for all flow conditions of the baseline case. The Reynolds number (Re = (ρVL c )/µ in this study is based on the maximum chord length (L c ) of 0.113m shown in Figure 1 and the timeaveraged velocity of the wing at the mid-span (V=4Rθ max f).
Mesh Dependence and CFD Validation
The mesh dependence study is performed by conducting numerical simulations of 45 degree flapping motion of both wings on three different mesh sizes including 3.28 million (Coarse), 4.6 million (Intermediate) and 11.87 million (Fine) tetrahedral elements for the Solid wing and 2.57 million (Coarse), 10.3 million (Intermediate) and 28.15 million (Fine) tetrahedral elements for the Comb wing. 3, 6 and 10 cells are used along the wing thickness for the Coarse, Intermediate and Fine meshes, respectively and the number of triangular elements is adjusted accordingly on the surface of the wing. Figure 2 shows the effect of varying the mesh size on the non-dimensional aerodynamic forces along the horizontal (C p_x , C vis_x ) and vertical (C p_y , C vis_y ) directions in a fixed frame of reference. It is seen that the computed non-dimensional forces on the Solid wing using three different mesh sizes match very closely. However, the coarse mesh does not provide adequate resolution to compute the forces (specially the viscous force) on the Comb wing, whereas forces calculated on the intermediate and fine meshes are in excellent agreement. Figure 3 shows the V y -velocity profiles across a slit width of the Comb wing to further investigate this discrepancy. The velocity profiles are shown for three mesh sizes at the mid-chord of the mid-span location on the wing. A 50% difference for the peak magnitude of the V y -velocity between the Coarse and Intermediate/Fine meshes is observed which shows the reason for the disparity between the forces. The gradient of the velocity determines the viscous shear stresses on the wetted surfaces of the Comb wing. The velocity profiles show that the magnitude of the velocity gradient at the surface increases as the mesh is refined. The coarse mesh has too much numerical diffusion to resolve the boundary layer flow on the slit surfaces. The profiles are similar at other stations as well. Figure 4 shows the comparison of the aerodynamic force along the y-axis obtained from the numerical computations and experiment for the flapping motion of both wings at the lowest Reynolds number of the study (18). The experiment was conducted in a tank filled with the mineral oil with a density of 860 kg/m3 and a dynamic viscosity of 0.236 Pa.s at the testing temperature of 70ºF. The wing force data is acquired at a rate of 100 Hz. A 3Hz filter was applied to experimental data. The wing was fairly stiff and no noticeable deflection was observed in the experiments. Reasonable agreement is seen between the three sets of data during one cycle with a slight difference in the peak magnitude of the force. The experiment also shows agreement between the Solid and Comb wing result as similar force measurements are observed. Additional details of this comparison can be found in the work of Aram et al. [4] . Figure 5 compares the time-history of non-dimensional aerodynamic forces on both wings along the ydirection in a fixed frame of reference. The maximum angle of the flapping motion in this case is 15 degrees. The three flow conditions consist of an inviscid (Euler) flow and two different Reynolds numbers of 18 and 250, where the viscosity of the fluid is the only parameter that differs in these three cases.
Flapping Motion
Time-accurate simulations were started from the initial location of wing span along the x-axis, wing surface normal to the y-direction, and the fluid at rest. The wing initially moves in the positive ydirection. The aerodynamic forces on the wing converge within one second of the simulation time. For the wing flapping at a frequency of 0.3 Hz (time period of oscillation of 3.33 sec), this transient state corresponds to wing motion of little over a quarter of the one time period of the flapping motion.
As seen in Figure 5 , the total y-forces on the Comb wing show a strong dependence on the Reynolds number. On the other hand, the forces on the Solid wing are almost independent of the Reynolds number. While increasing the viscosity of the fluid augments the y-force on the Comb wing dramatically, it does not cause any noticeable effect on the y-force of the Solid wing. However, interestingly at the highest viscosity (lowest Re) of the study, the total y-force on the Comb wing is similar to that of the Solid wing. In order to obtain more insights into the force generating mechanism for the two wings, the pressure and viscous forces of both wings are extracted and compared at Reynolds numbers of 18 and 250 for the maximum flapping angle of 15 degrees. As seen in Figure 6 , pressure force is dominant for the Solid wing at both Reynolds numbers and changing the Reynolds number does not have a noticeable effect on this component of the force. On the other hand, the viscous force is the dominant force on the Comb wing at both Reynolds numbers and since the projected area (the area over which the forces act, not the projected/planform area) for this wing is smaller than that of the Solid wing, the pressure force on this wing is less than that of the Solid wing at both the Reynolds numbers. The viscous force on the Comb wing increases with the decreasing Reynolds number and as seen in Figure 6 It is also observed that the pressure force is the dominant force on the Solid wing and the viscous force is almost negligible, whereas both the viscous and pressure forces on the Comb wing contribute to the total force with higher contribution from the viscous force. This suggests that the Comb wing generates similar aerodynamic forces at low Reynolds number, however, the mechanism of force generation is quite different. This property can be exploited to develop wings for the millimeter scale MAVs with a significant reduction in the weight. Alternatively, slits can be introduced in a millimeter scale wing to tailor its dynamic response to maximize the aerodynamic efficiency of the kinematic motion. To further examine the performance of both wings, the non-dimensional pressure contours on the surface of the wings are extracted at different time instances given in Figure 8 and 9 for the Solid and Comb wings, respectively (maximum flapping angle is 45 degrees). P in these figures is defined as (p-
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International Journal of Micro Air Vehicles Comparing Figure 8 and 9 shows that the pressure contours near the root of both wings are qualitatively similar and as seen in Figure 10 due to the fact that the effective area for the Solid wing is bigger than the Comb wing, the integral pressure force is higher on the former wing.
Effect of the flapping frequency on the total force along the y-direction is examined given in Figure  11 (a) and (b). Maximum flapping angle for all frequencies is 45 degrees. Three different frequencies including 0.3 Hz (baseline case), 0.6 Hz and 1.2 Hz are considered for this comparison. It is seen that varying the frequency does not have a noticeable effect on the non-dimensional y-force on the Solid wing due to the fact that the pressure force is dominant on this wing which proportional to ρV 2 A at this range of Reynolds number. However, the non-dimensional y-force reduces on the Comb wing with the increasing flapping frequency (and Reynolds number as a result). Comparing the pressure and viscous forces for the Comb wing at different frequencies in Figure 11 (c) and 11(d) shows that the viscous force is the main source of variation in the total non-dimensional force by the flapping frequency on the Comb wing. This is related to the fact that the viscous force is proportional to the characteristic velocity.
International Journal of Micro Air Vehicles As mentioned previously, the thickness of the millimeter scale wings for experimental studies is often increased by a larger factor to maintain structural stiffness of the wing. Effect of the thickness of the wing on the aerodynamic forces along the y-direction at the baseline Reynolds number (Re = 54) is investigated and shown in Figure 12 (a) and 12(b) for the Solid and Comb wing, respectively. Three different thicknesses including thk/2, thk (baseline case) and 2thk are considered in this study. It is seen that varying the thickness does not have a considerable effect on the non-dimensional total force on either wing. This result is predictable for the Solid wing due to the fact that the pressure force is dominant on this wing which is scaled by the plan-form area and not by the wing thickness. However, in the case of the Comb wing, the total y-force is expected to reduce by reduction of the wing thickness, because the effective area of the wing for the viscous force is reduced. As shown in Figure 13 (a), the viscous force at different thicknesses observed is not proportional to the thickness of the wing. Comparing the instantaneous V y -velocity at θ = 0 o seen in Figure 14 shows that by reducing the wing thickness the velocity through the slit increases and as a result the shear stress on the side walls of the slits increases. Therefore, the viscous force which is the result of (shear stress)×(effective area) does not change noticeably. Similar to the pressure force on the Solid wing, this component of force is almost constant for the Comb wing at different thicknesses (See Figure 13(b) ). 
Flapping and Pitching Motion
The performance of both wings under a combination of flapping and pitching motion is also examined. Figure 15 compares the total forces in three directions on the Solid wing and the Comb wing for this type of motion at a maximum flapping angle of 45 o and at Re = 54. It is seen that the total nondimensional forces along all three directions on the Solid wing are slightly more than corresponding forces on the Comb wing. It is also seen that the dominant force on both wings is along the y-direction. The performance of the wings for the flapping-pitching motion of both wings is compared with the flapping motion in Figure 16 . It is seen that the forces in the x-direction is not affected by the rotation of both wings around the second axis. A slight increase in the total force on the Solid wing along the y-direction is seen for flapping-pitching motion in comparison with the flapping motion. This figure also shows that the combination of flapping and pitching motions produces a non-zero z-force with positive time-averaged magnitude and the frequency of the force in this direction is almost twice of that of the y-force. Further investigations will be conducted to compare the two wings for additional flapping and pitching kinematics. In the present study, a zero degree phase difference was used between the flapping and pitching motions. Center of pressure (or the pitching moment) on the two wings will also be compared as it has implications for the design applications. 
CONCLUSIONS
Numerical simulations were conducted to investigate fluid dynamics phenomena and compare the performance of Comb and Solid wings for micro-aerial vehicles application at an ultra-low Reynolds number flow condition. Numerical study was performed for two types of motion-flapping motion only and combined flapping-pitching motion of both the wings with maximum flapping/pitching angle of 15 o and 45 o using CFD++ at different flow conditions (Euler flow and two different Reynolds numbers). Following conclusions can be drawn from the study:
• The total force produced by the Comb wing at both the maximum flapping angles is almost equal to that of the Solid wing at the highest viscosity of the study (except for the case of θ max = 45 o near the peak value where the total force on the Comb wing is 15% less than that of the Solid wing). While changing the Reynolds number does not have a noticeable effect on the y-force of the Solid wing, it causes dramatic variation on the total forces on the Comb wing. For the inviscid flow condition (infinite Reynolds number), the total forces on the Comb wing are significantly smaller than those on the Solid wing (The maximum total force on the Comb wing is 11% and 5% of the maximum total force on the Solid wing at θ max = 15 o and θ max = 45 o , respectively). • Adetailed analysis of the computational results shows that the pressure force is dominant for the Solid wing, whereas the viscous force contributes more to the total force along the ydirection than the pressure force in the case of the Comb wing. Due to a smaller effective area of Comb wing than the Solid wing, the pressure force on this wing is less than that of the Solid wing at all flow conditions. • It was shown that varying the frequency does not have a noticeable effect on the non-dimensional y-force on the Solid wing due to the fact that the pressure force is dominant on this wing. However, the non-dimensional y-force decreases on the Comb wing with the increasing flapping frequency. •
The total force along the y-direction did not change by varying the thickness for both the wings. This conclusion has significant implications for the experimental studies where the thickness is scaled by a different factor than the other dimensions of the wing to maintain the structural stiffness. •
Comparing the performance of both wings under the combination of flapping and pitching motion showed that the total non-dimensional forces along all three directions on the Solid wing are slightly more than corresponding forces on the Comb wing. It was also seen that the dominant force on both wings is along the y-direction. The analysis suggests that the Comb wings can provide a significant weight savings with a minimal loss in the aerodynamic performance for ultra-low Reynolds number applications.
